Prevention of cardiovascular disease through nutritional supplements is growing in popularity throughout the world. Multiple epidemiologic studies found that moderate consumption of alcohol, particularly red wine, lowers mortality rates from coronary heart diseases (CHD). Chronic inflammation and atherosclerosis associated with CHD culminate in aberrant intravascular expression of tissue factor (TF), which triggers blood coagulation leading to thrombosis, a major cause for heart attack. We showed earlier that two red wine phenolics, resveratrol and quercetin, suppressed TF induction in endothelial cells. In the present study, we investigated efficacy of seven resveratrol derivatives, which were shown to be effective in regulating cancer cell growth in vitro at much lower concentrations than the parent compound resveratrol, in inhibiting TF induction in peripheral blood mononuclear cells (PBMCs). We also tested possible synergistic effects of resveratrol and quercetin with the other major red wine phenolics in suppression of lipopolysaccharide-induced TF expression in human PBMCs. We found that several resveratrol derivatives were 2-to 10-fold more efficient than resveratrol in inhibiting TF induction. Our study found no evidence for synergism among red wine polyphenolics. These data suggest that structural alterations of resveratrol can be effective in producing potent antithrombotic agents that will have therapeutic potential in the improvement of cardiovascular health and prevention of CHD. Among major red wine phenolics, quercetin appears to be the predominant suppressor of TF induction.
Introduction
Overwhelming epidemiological evidence suggests that moderate consumption of alcoholic beverages, particularly red wine, may lower mortality rates from coronary heart diseases [1] [2] [3] [4] [5] [6] . Cardiovascular benefits associated with moderate wine consumption have been thought to stem, at least partly, from antioxidant [7] [8] [9] and anti-platelet activities [10] [11] [12] of wine phenolics, particularly resveratrol. Recent studies published by us [13, 14] and others [15] showed that resveratrol and quercetin suppressed tissue factor induction in vascular cells. Resveratrol and other wine phenolics were also shown to inhibit synthesis of proatherogenic eicosanoids [12] , reduce inflammation [16] [17] [18] and suppress skin carcinogenesis [19, 20] . Several of the red wine polyphenols, notably catechin, quercetin and resveratrol, promote nitric oxide production in vascular endothelium [21] . In yeast, resveratrol mimics calorie restriction by stimulating Sir2 (sirtuin 2, a histonedeacytelase), increasing DNA stability and extending lifespan by 70% [22] . In most of the studies described above, relatively high concentrations of resveratrol (10 to 100 µM range) were required to modulate various cellular effects. In order to improve the efficacy of the resveratrol, with the aim of discovering new lead compounds with the clinical treatment potential, a series of cis-and trans-stilbene-based resveratrols were synthesized [23] [24] [25] . Of the compounds tested for the anti-proliferative and apoptotic activity on HL60 promyelocytic leukemia cells, cis-3, 4′ , 5-trimethoxy-3′ -aminostilbene (7b) and cis-3, 4′, 5-trimethoxy-3′-hydroxystilbene (11b) were effective at the nanomolar concentrations [23] . Resveratrol derivative, R3 (cis-Z-3, 5, 4′ -trimethoxystilbene) was shown to be 100-fold more active than resveratrol in causing cell cycle arrest in colon cancer cells [25] .
Tissue factor (TF), a cellular receptor of coagulation factor VIIa, is a primary initiator of blood coagulation cascade [26] . In health, TF is highly expressed on cells of vascular adventitia but not on the endothelium and other cells in circulating blood [27, 28] . Several studies demonstrated that bacterial/viral infections and certain pathophysiological stimuli induce TF expression in monocytes and endothelial cells [29] . This explains the association of certain infectious diseases with hematological complications such as thromboembolism, and septic shock [30, 31] . Recent studies suggest that exposure of TF to circulating blood upon rupture of atherosclerotic plaque plays an important role in the pathogenesis of thrombus formation at rupture site, resulting in acute coronary events and myocardial infarction [32] [33] [34] [35] . In addition, TF-FVIIa and other activated coagulation proteases activate protease-activated receptors (PARs), which trigger a plethora of signaling events leading to functional alterations that are relevant to pathogenesis of atherosclerosis and coronary heart diseases (CHD) [36] [37] [38] [39] . Therefore, we hypothesized earlier that the red wine phenolics provide protection against atherosclerosis and CHD by suppressing the aberrant expression of TF, and showed that the wine phenolics, resveratrol and quercetin, suppressed TF induction on endothelial cells and mononuclear cells [13, 14] . However, a 10 to 100 µM concentration of resveratrol or quercetin was required to suppress TF induction. In vivo pharmacokinetics data suggest that accumulation of such concentrations of resveratrol and quercetin is unlikely after moderate consumption of red wine [40] [41] [42] .
In the present study, we have investigated potential synergistic effects of various phenolic compounds present in wine in suppressing bacterial lipopolysaccharide (LPS)-induced TF expression in human peripheral blood mononuclear cells (PBMCs) . Further, we have tested for the first time, whether chemically modified derivatives of resveratrol, which were shown to be highly effective in inhibiting cancer cell proliferation than resveratrol [23, 25] , could inhibit LPS-induced TF expression in peripheral blood mononuclear cells at much lower doses than resveratrol.
Materials and methods

Materials
Wine phenolics (resveratrol, quercetin, catechin, epicatechin, and rutin), LPS and Histopaque 1077 were obtained from Sigma (St. Louis, MO). Resveratrol derivatives were synthesized as described earlier [23, 25] . Recombinant factor VIIa was a kind gift from Novo Nordisk (Copenhagen, Denmark). n-Octyl-B-D-glucopyranoside was from Calbiochem (La Jolla, CA). Chromogenic substrate Chromozym X, was purchased from Roche Diagnostics (Indianapolis, IN). RPMI 1640 culture medium and FBS were obtained from Invitrogen (Carlsbad, CA).
Factor X and factor Xa were purchased from Enzyme Research Laboratories (South Bend, IN) or from Haematological Technologies (Essex Junction, VT).
Isolation of peripheral blood mononuclear cells (PBMC)
Thirty milliliters of venous blood was drawn from healthy volunteers, after the informed consent and the institutional review board approval, into a plastic syringe with a 19-gauge needle and immediately added to a plastic tube containing heparin (10 U/ml final concentration). PBMCs were isolated by applying blood, which was diluted with an equal volume of sterile saline, layered on top of Histopaque 1077 (1.5 ml of Histopaque for 1 ml of blood) in a 50 ml conical tube, followed by density gradient centrifugation at 650 × g for 30 min at room temperature. The white PBMC band in the interface layer was collected and washed by mixing with 4 volumes of sterile saline and centrifuging at 400 × g for 10 min. The washing step was repeated two more times by resuspending the cell pellet in 10 ml of saline. The final cell pellet was suspended in RPMI medium containing 10% serum at a density of 3 × 10 6 cells/ml.
Induction and measurement of TF activity
Induction of TF and measurement of TF procoagulant activity were performed essentially as described earlier [13, 14] . Briefly, 1 ml of PBMC was aliquoted into round bottom polypropylene tubes. The PBMC were preincubated with wine phenolics for 2 h, and then stimulated with 10 ng/ml of LPS for 6 h in a tissue culture incubator to induce TF expression. During the incubation, cells were gently shaken every 30 min to keep them in suspension. However, most of the PBMCs in LPS treatment tend to attach to the bottom of the tubes. After the incubation, the cells were sedimented by centrifugation at 400 × g, and were washed once with 1 ml of buffer A (10 mM Hepes, 0.15 M NaCl, 4 mM KCl, 11 mM glucose, pH 7.5). The cell pellets were suspended in 250 µl of buffer A containing 15 mM n-octyl-B-Dglucopyranoside, freeze-thawed twice, and sonicated for 30 s. Aliquots of cell lysates were incubated in a 96-well microplate with a reagent mixture containing factor VIIa (10 nM), factor X (175 nM) and CaCl 2 (5 mM, all concentrations are final concentrations, total volume, 50 µl) for 15 min. Factor Xa generated in the reaction mixture was measured in a chromogenic assay as described earlier [13] . Serial dilutions of relipidated human TF were used (substituted in place of cell lysates) to construct a standard curve.
Cell survival assay
Cell survival was determined using a tetrazolium based colorimetric assay [43] . The assay is dependent on the reduction of tetrazolium salt 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT), which results in formation of a blue formazan product, by various mitochondrial dehydrogenase enzymes of viable cells. Briefly, 100 µl aliquots of cells were transferred to wells of 96-well cell culture plate, and treated with phenolic compounds and LPS as described for TF induction. Following the treatment, 10 µL of 5 mg/ ml MTT was added for each well and allowed to incubate for 4 h. At the end of 4 h, the medium was removed, and 100 µL of acid isopropanol (0.04 N HCl in isopropanol) was added to each well. The color intensity was measured using the microplate reader (Molecular Dynamics) as differences in the absorbance between 563 nm and 650 nm wave-lengths. To construct a standard curve, varying number of cells (25,000 to 1500) were placed in a microplate well and subjected to MTT assay without any treatment.
Statistical analysis
Statistical analysis was performed using Graph Pad Prism software. The data are expressed as means ± S.E.M. The p values are calculated using Student's t-test and values <0.05 is considered statistically significant.
Results
Effect of combined treatments of resveratrol and quercetin on LPS-induced TF expression in human PBMC
To test whether resveratrol and quercetin (two phenolic compounds that were shown to inhibit TF expression [13, 14] ) exhibit synergism, PBMC were pretreated with varying concentrations of resveratrol, quercetin alone or in combination of the two, followed by a 6 h incubation with 10 ng/ml LPS to induce tissue factor expression. As evident from Fig. 1 , treatment of PBMCs with LPS increased TF activity about 5-to 15-fold over the control unstimulated cells. Resveratrol, when used at an approximate concentration present in red wines [44] , i.e., 4.3 µM, failed to suppress the induction of TF expression. As expected, a higher concentration of resveratrol (25 µM) inhibited the TF induction by more than 50%. The dose-response analysis of quercetin showed that it is effective at concentrations as low as 1 µM; a 10 µM concentration inhibited TF induction by 50%, indicating that quercetin is 2-to 3-fold more effective than resveratrol in suppressing LPS-induced TF expression in PBMC. Next, we examined the effect of combined treatments of resveratrol and quercetin on TF induction. As shown in Fig. 1 , treating the cells with both resveratrol and quercetin yielded an overlapping effect, i.e., the inhibition was increased very little over that was obtained with quercetin alone. For example, treating PBMCs with 10 µM quercetin and 4.3 µM resveratrol suppressed the TF induction to the same extent as 10 µM quercetin alone; increasing the concentration of resveratrol up to 25 µM reduced the TF induction by 30% further than that obtained with quercetin alone. These data indicate no synergism between quercetin and resveratrol. If there was a synergism between the two compounds, we expect a far greater TF inhibition with the combined treatment over the inhibition obtained with the individual phenolics or a simple addition of their inhibitory effects.
Quercetin is the principal inhibitor of TF induction in the cocktail of red wine polyphenols
To test synergism among wine phenolics, we pretreated PBMCs with a cocktail containing five major phenolics at approximate concentrations present in most common red wines [44, 45] or with a cocktail lacking one or more of the constituents. The cocktail-a mixture of rutin, catechin, epicatechin, resveratrol, and quercetin-inhibited the TF induction completely (Fig.  2) . Removal of quercetin from the cocktail reversed its suppressive effect. In contrast, removal of resveratrol or other wine phenolics from the cocktail did not diminish the inhibitory effect of the cocktail. These data suggest that quercetin, and not resveratrol, is the principal active ingredient among red wine phenolics to inhibit TF induction in monocytes. These data also suggest that there was no apparent synergism between resveratrol and other wine polyphenols; otherwise, we would have seen some suppressive effect with the cocktail lacking quercetin.
Effect of novel resveratrol derivatives on LPS-induced TF expression in mononuclear cells
A number of cis-and trans-stilbene-based resveratrol derivatives were synthesized with aim of improving the effectiveness of resveratrol in modulating various cellular activities [23] [24] [25] . In the present study, we investigated the ability of some of the analogues (Fig. 3) to inhibit TF induction in PBMC. A methyl derivative of trans resveratrol, i.e., 3,5,4′ -trimethoxystilbene (TMS), had a slightly increased inhibitory activity compared to resveratrol. A 10 µM concentration of resveratrol suppressed TF induction by about 20% or less, whereas TMS inhibited the induction by about 40%. Switching the trans conformation of TMS to cis (denoted as R3) markedly increased the inhibitory potency of the compound. R3 was 10-times more effective than resveratrol and 5-fold more effective than quercetin in inhibiting TF induction (Fig. 4) . Other derivatives of resveratrol also exhibited a higher inhibitory activity over resveratrol. However, in contrast to differences observed between trans-and cis-isomers of the methylated resveratrol (TMS vs. R3), other analogues exhibited no significant differences in their inhibitory activities between the isomers. The cis-3,5-dimethoxy derivative of rhapontigenin (trans3,3′ ,5-trihydroxy-4′ -methoxystilbene) and its amino derivative (11b and 7b, respectively), and their trans-isomers (12b and 8b, respectively), inhibited TF activity with a similar potency. Both of the isomers were 5-times more effective than resveratrol in inhibiting LPS-induced TF induction in PBMCs. It is interesting to note that, in contrast to 12b (which contains 3′ hydroxy group and a 4′ methoxy group), its isomer 12C (3′ -methoxy group and a 4′ hydroxy group) did not gain inhibitory activity over the parent compound resveratrol. These data suggest that the methoxy function at the C-3′ position could play a critical role in determining the inhibitory activity of resveratrol derivatives.
Effect of resveratrol derivatives on viability of PBMC
Next, we investigated the effect of resveratrol and its derivatives on cell viability since some of the above derivatives, upon prolonged incubation period (48 h), were shown to be cytotoxic [25] and induce apoptosis [23] . Under our experimental conditions, none of the derivatives were found to be cytotoxic at 10 µM concentrations for the duration of the experiments. Even at high concentrations (up to 100 µM), resveratrol, TMS, R3, 7b, 8b and 11b had no effect on the cell viability (Fig. 5) . However, both 12b and 12c, when used at 100 µM concentration, markedly reduced the cell viability. The data indicate that the reduced TF expression found in PBMC treated with resveratrol derivatives did not stem from reduced cell viability.
Discussion
Aberrant expression of TF contributes to pathogenesis of atherosclerosis and CHD [30, 35, 46] . Resveratrol and quercetin of red wine were shown to down-regulate TF expression in vascular cells [13] [14] [15] . However, high micromolar concentrations of resveratrol and quercetin were required to modulate TF expression and other cellular activities (see Introduction). This plus poor absorption of these compounds in vivo [40] [41] [42] raise valid doubts about the importance of the individual polyphenolic constituents of red wine in providing the cardioprotective effect. However, earlier studies suggested that synergism could exist between wine phenolics in inhibiting platelet function [47] and in promoting antioxidation [48] . These data and the inability of individual wine phenolics to effectively modulate various cellular activities raise the possibility that overall cardiovascular protection afforded by a moderate consumption of red wine could perhaps come from combined and synergistic effects of various polyphenolic constituents of red wine or metabolic modification of polyphenols in digestive system to make them more potent in modulating cellular activities. The data presented in the manuscript show no evidence for the synergism between resveratrol and quercetin, the two compounds that were shown to inhibit TF induction in vascular cells. We also investigated potential synergism among other wine phenolics by deleting individual polyphenolic components from the cocktail of major red wine polyphenolics. Here, it may be important to point out that the cocktail contains five major polyphenolics (catechin, epicatechin, rutin, quercetin, and resveratrol) at concentrations that are present in most of the common red wines [21] . Since the cocktail contained quercetin at 55 µM concentration and quercetin alone at this concentration effectively inhibits TF induction, it was not surprising to see the cocktail completely suppressed LPS-induced TF expression in PBMC. Consistent with this, the deletion of quercetin from the cocktail fully reversed the inhibitory effect. In contrast, removal of resveratrol or other components had no effect. The failure of the cocktail lacking quercetin to inhibit TF induction indicates that other wine phenolics have no effect on TF induction. These data also suggest that there was no synergism between resveratrol and other wine phenolics.
It is interesting to note that quercetin appeared to be more effective than resveratrol in inhibiting TF induction in mononuclear cells. These data is in contrast to our earlier studies on endothelial cells, where we found quercetin had a similar or slightly lower inhibitory activity than resveratrol. A potential reason for this contradiction could be due to differences in levels of specific cellular receptors for quercetin and resveratrol and/or metabolism of the compounds between the two cell types. It is conceivable that stimulant used to induce TF could also influence the suppressive effects of these compounds. In the earlier study, we used IL-1β to stimulate TF induction in endothelial cells, whereas LPS was used to stimulate TF induction in mononuclear cells in the present study. In this context, it may be pertinent to point out that resveratrol and quercetin suppressed TF induction to varied extents in mononuclear cells and endothelial cells when stimulated with different agonists [15] . Overall the present data, combined with the above reports, indicate that quercetin, which is present at 10-fold higher molar concentration than resveratrol, would be the principal active ingredient in red wine that is capable of suppressing TF induction in vascular cells.
Although the precise mechanism by which resveratrol and quercetin suppress TF induction in vascular cells remains to be elucidated, they appear to down-regulate TF expression at the mRNA levels by inhibiting the transcription of TF gene [13] [14] [15] . NF-κB pathway plays a pivotal role in the activation of TF gene in monocytes and endothelial cells [49] . In earlier studies, we found that resveratrol suppressed the transactivation potential of p65 and the LPSinduced phosphorylation of p65 without impairing c-Rel/p65 binding to DNA [13, 50] . In contrast, Di Santo et al. [15] showed that both resveratrol and quercetin down-regulated TF expression by inhibiting nuclear translocation of c-Rel/p65. Not withstanding these differences, based on most of the published data, it is clear that both resveratrol and quercetin down-regulate NF-κB pathway. This overlapping inhibitory mechanism may explain why we found no synergism between the inhibitory flavonoids.
In earlier studies, we investigated the effect of various natural and commercially available stilbene analogues in suppressing TF induction in endothelial cells with the aim of discovering new compounds that would be more effective than resveratrol. Although a number of the analogues inhibited TF induction, none of them was more effective than resveratrol [14] . However, recent studies show that chemical structural alterations of the stilbene motif of resveratrol could yield extremely effective analogues [23, 25] . A cis-form of methyl derivative of resveratrol (R3) was shown to be a 100-fold more potent than resveratrol in inhibiting cell proliferation by arresting cell cycle at the G2/M phase transition in Caco-2 cells [25] . Similarly, resveratrol analogues bearing the 3,5-dimethoxy motif at the A phenyl ring with amino, methoxy, and hydroxyl moieties at the 3′ -and 4′ -positions (7b, 8b, 11b, 12b, and 12c) were found to be more effective than resveratrol as apoptosis-inducing agents [23] . Particularly, introduction of either a hydroxy (11b) or an amino group (7b) at C-3′ position and methoxy groups at C-3, C-4′ , and C-5 produced extremely effective agents that could inhibit cell proliferation at nanomolar concentration range (IC 50 , 50 nM).
We found that a number of the above derivatives suppressed the TF induction in PBMC more potently than resveratrol. For example, 25 µM concentration of resveratrol inhibited the TF induction by about 60% whereas a similar inhibition was attained with 2µM of R3 compound. Other derivatives, except 12c, were found to be 2-to 5-fold more effective than resveratrol. Compared to quercetin, R3 compound was 5 times more effective whereas other derivatives of resveratrol exhibited similar or 2-fold higher inhibitory activity. In line with the earlier study [25] , the present study shows cis-conformation was more effective than trans-conformation (R3 vs. TMS). It is also interesting to note that a switch in the methoxy and hydroxyl moieties as in compounds 12b vs. 12c influenced the inhibitory activity. These data clearly illustrate that it is possible to synthesize effective inhibitory agents for suppressing aberrant expression of TF by modifying the structure of stilbene motif of resveratrol. Since quercetin appears to be more potent than resveratrol in inhibiting TF expression in mononuclear cells, it would be interesting to test whether quercetin derivatives would have much higher inhibitory activity than the derivatives of resveratrol. Unavailability of chemically synthesized quercetin derivatives prevented us from investigating this possibility.
It is important to note that although R3 and other derivatives of resveratrol exerted a higher inhibitory activity than resveratrol in suppressing TF induction, still low micromolar concentrations of these compounds were required to suppress the TF induction. This differs from the earlier reports in which R3, 7b, 11b, and 12b were shown to inhibit cell proliferation of Caco-2 cells (R3) or HL-60 (7b, 11b, and 12b) at 0.4, 0.03, 0.03, and 0.7 µM, respectively. At present, it is unclear whether differences in their potencies to modulate various cellular activities stem from differences in cellular pathways for specific function or differences in cell types employed in these studies. Overall, the present data clearly illustrate the feasibility of developing effective antithrombotic drugs to suppress aberrant expression of TF by chemical engineering of resveratrol. Effect of resveratrol and quercetin, alone or in combination, on LPS-induced TF expression. Freshly isolated PBMC were pretreated for 2 h with various concentrations of resveratrol or quercetin or in combination, followed by LPS (10 ng/ml) for 6 h. At the end of LPS treatment, TF activity in PBMC was determined as described in methods. Asterisk denotes a statistically significant (p <0.01) suppression in TF expression in PBMC pretreated with phenolics vs. control vehicle before adding LPS (n = 4, mean ± S.E.M.). Removal of quercetin but not resveratrol from the cocktail of red wine polyphenolic compounds reversed the inhibitory effect of the cocktail on LPS-induced TF expression. PBMC were pretreated for 2 h with cocktail containing major constituents of wine phenolics (C) or the cocktail lacking resveratrol, quercetin, or resveratrol and one of the other wine phenolic compounds. PBMC were treated with LPS (10 ng/ml) for 6 h to induce TF expression. The cocktail contains the following compounds, resveratrol, 4.3 µM; quercetin, 55 µM; catechin, 300 µM; epicatechin, 197 µM; rutin, 898 µM. Asterisk denotes a statistically significant difference (p <0.01) in TF expression between LPS stimulated PBMC and PBMC treated with each cocktail before TF induction (n = 4, mean ± S.E.M.). Chemical structures of resveratrol derivatives used in the present study. Effect of resveratrol derivatives on LPS-induced TF expression. PBMC were treated with varying concentrations of resveratrol or its derivatives (in concentrations as indicated in the figure) for 2 h, and then stimulated with LPS (10 ng/ml) to induce TF expression. At the end of 6 h LPS treatment, PBMC were harvested to measure TF activity. Asterisk denotes a statistically significant difference (p <0.02) in expression of TF between PBMC stimulated with LPS alone and the phenolic compound pretreatment before the stimulation with LPS (n = 6, mean ± S.E.M.). Effect of resveratrol and its derivatives on cell viability. PBMC were treated with varying concentrations of resveratrol or its derivatives for a total of 8 h, and the cell viability was measured in MTT assay. The data presented in the graph is a representative experiment done in triplicate.
